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Dependence of photo-induced FMR (phi-FMR) on incident angle of excitation and probing laser beams has been 
studied in a [Co (dCo = 0.78 nm) / Pd (dPd = 0.81 nm) ]5 multi-layer film with the aim to find experimentally the 
limitation of inducement and detection of magnetization dynamics with oblique light incidence. We have found, in the 
experiments changing the incident angle of a pump beam, that phi-FMR is observed up to the grazing incident angle 
of 88 with p-polarized excitation pulses, whereas it disappears at the incidence angle of around 65 with s-polarized 
excitation. As for the experiments changing the incident angle of a probe beam, phi-FMR disappears at the incidence 
angle of 65 for both s- and p-polarizations, whereas it reappears with further increasing the angle for the 
p-polarization and vanishes at 75 . 
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1. Introduction 
  
We have proposed the concept of optical signal delay 
and optical buffer memory on the basis of  
non-equilibrium state of magnetization caused by the 
pulsed, optical excitation1-3). Preferred device structures 
which suit for those applications would be a hybrid 
structure consisting of an optical waveguide and a 
magnetic thin layer with sufficient magneto-optical 
(MO) coupling between the two constituent components. 
In this kind of structure, the excitation of the magnetic 
layer as well as the detection of excited, non-equilibrium 
magnetization will be carried out via the 
waveguide/magnet interface by the light which 
propagates through the optical waveguide. It has been 
proven through the study of a waveguide-type isolator4-6) 
that polarization of light passing through an optical 
waveguide can be affected significantly by the adjacent 
magnetic layer. However, the problem of excitation of a 
magnetic layer with light in a waveguide has never been 
addressed because device concept which gives 
motivation to study this fundamental problem is 
undeveloped. This work aims at studying the excitation 
of a magnetic layer with a light beam of oblique/grazing 
incidence, as a simple analogue to the excitation of a 
magnetic layer with light in a waveguide. For photonic 
excitation with grazing incidence, energy density of 
excited area will be influenced significantly by the 
polarization-dependent reflectivity, referring at least to 
the Fresnel’s law. The shape of the excited area becomes 
anisotropic as well, which may influence the microscopic 
process of energy flow between electron and spin 
subsystems during the inducement of non-equilibrium 
magnetization as well as propagation of spin waves7).  
With those points in mind, we have investigated for 
the first time phi-FMR in the ultra-thin Co/Pd 
multilayers as a function of incident angle of both 
excitation and detection light pulses for wide range of 
angle near the grazing condition. This system is known 
for interface induced perpendicular magnetic 
anisotropy8) accompanied by a large magneto-optical 
Kerr effect9). We report in this paper that, in the 
experiments changing the incident angle of a pump 
beam, phi-FMR can be induced up to the grazing 
incident angle of 88 with p-polarized excitation pulses, 
whereas it diminishes at the incidence angle of around 
65 with s-polarized excitation. These behaviors are 
discussed in terms of the difference in reflectivity in 
oblique incident angle added with enhanced excitation 
efficiency found for the p-polarized pump beam. As for 
the experiments changing the incident angle of a probe 
beam, the phi-FMR vanishes at the incidence angle of 
65 for both s- and p-polarizations, whereas it appears 
again for the p-polarization with further increasing the 
angle but disappears at 75 . Observations in the latter 
experiment are discussed on the basis of phenomeno- 
logical electromagnetic picture, using static reflectance 
and polar Kerr rotation data.  
 
2. Experiments 
  
There have been many studies on photo-induced 
magnetization dynamics in this system with fluence in 
the region of around mJ/cm2 10-15). We studied phi-FMR 
in ultra-thin [Co/Pd]5 multi-layered structures (tCo = 
0.32  1.03 nm, with tPd = 0.81 and 1.62 nm) at the 
region of pump fluences F = 0.11 to 11 J/cm2, and 
reported that the precession amplitude of phi-FMR has 
increased significantly in a series of samples with tPd = 
0.81 nm, being fifty times larger compared to those in 
the samples with tPd = 1.62 nm16). Taking into account of 
such light-sensitive feature, the sample consisting of [Co 
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(d Co = 0.78 nm) / Pd (d Pd = 0.81 nm) ]5 multi-layers was 
used for the present study. It was prepared by DC 
magnetron sputtering on the Pd (4.86-nm) / Ta (2.18nm) 
binary seed layer deposited on a Si (110) substrate at 
150 C 16). The sample exhibits perpendicular magnetic 
anisotropy, with coercive force and saturation 
magnetization field of 120 Oe and 5400 Oe, respectively. 
The latter value, which was extracted from the value at 
which the magnetization was saturated along the hard 
axis16), is a sum of anisotropy field Hani and the 
demagnetizing field Hdem.  
   Experiment of phi-FMR was carried out by 
time-resolved magneto-optical (TRMO) spectroscopy on 
the basis of pump-and-probe technique using a 
mode-locked Ti: sapphire laser as a light source with 
wavelength, pulse duration, and repetition of λ = 790 nm, 
Δ = 90 fs, and Γ = 80 MHz, respectively. The fluences of 
linearly-polarized pump and probe beams were fixed at 
7.96 and 0.040 μJ/cm2 per pulse, respectively. The beam 
size was 200 μm in diameter for both beams when they 
were focused on the sample surface with normal 
incidence. The experimental set up of the angle 
dependent pump-and-probe experiments is shown 
schematically in Fig. 1. The incident angle of a pump 
beam, θpump, was varied between 15 and 89 while 
keeping the incident angle of a probe beam, θprobe, at 
θprobe  5 for the experiment studying the θpump 
dependence on TRMO temporal profile (Experiment 1). 
On the other hand, θpump was fixed at θpump = 2 and the 
θprobe value was varied between 26 and 80 for the 
experiment studying the θprobe dependence of TRMO 
temporal profile (Experiment 2). The external magnetic 
field of Hext  2000 Oe was applied with the angle of 65. 
As stated in ref.16, experiments with this field angle 
have allowed us to observe and compare systematically 
the data for both in-plane and out-of-plane samples. 
Rotation angle of the linearly polarized probe beam was 
detected by the optical bridge detection apparatus. The 
detection limit in the present set up was 2.2 deg. All the 
measurements were carried out at room temperature.  
   The incident-angle dependence of the static polar 
Kerr rotation was also measured. The difference in the 
output signals of the calibrated optical bridge between 
up and down remnant magnetization states was 
measured as a function of the incident angle of a s- or 
p-polarized light beam. The sample was magnetized 
either up or down by applying vertically the external 
magnetic field of H =  2000 Oe before each optical 
measurement. The light source used for this 
measurement was a cw-semiconductor laser with 
wavelength, power, and beam diameter of   785 nm, P 
 10 mW, and d  150 m, respectively.  
 
3. Results and discussion 
  
Shown in the upper two panels of Fig. 2 are temporal 
TRMO profiles obtained from the Experiment 1 for 
various pump-pulse incident angle with s-polarized (Fig. 
2 (a)) and p-polarized (Fig.2 (b)) pump beams. For the 
s-polarization, the amplitude of oscillatory MO signals 
decreases monotonically with increasing θpump, and has 
reached to lower detection limit at around θpump  65°. 
By the way, we are assured that the amplitude of the 
observed oscillation is proportional to the  precession 
amplitude in the real space at least in the regime of 
weak excitation17). For the p-polarization, the amplitude 
first increases with increasing θpump from 15° up to 
around 55°, beyond which it turns to a gradual reduction. 
Consequently, the precession has been observable up to 
θpump = 88°. At θpump = 89°, the phi-FMR signal has been 
hardly observed. We model the oscillatory component of 
phi-FMR with eq.(1), and the amplitude of oscillation, A0, 
is plotted as a function of θpump for both polarization in 
Fig. 2 (c).  
 
                                                  (1) 
 
Here, A0, , f, and  are the amplitude of oscillatory MO 
signals, precession lifetime, precession frequency, and 
initial phase of the oscillation, respectively. For the 
experiment with p-polarization, the maximum A0 value 
of 230 deg has been obtained at θpump  55°, whereas, at 
θpump = 88°, the value of A0 is still around 30 deg which 
is encouraging in view of optical excitation of a magnetic 
system with light with grazing incidence or propagating 
in a waveguide. Besides of A0 value, the precession 
frequency, precession lifetime, and initial phase are, 
respectively, f = 8 GHz, τ = 170 psec, and  = π/2, all of 
which are not dependent on the θpump value.  
Experiment 1 : pump  15 - 89 and probe  5
Experiment 2 :  pump  2 and probe  26 - 80
sample
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65°
B
θprobe
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Fig. 1  Schematic illustration of experimental set up 
for angle dependent pump and probe 
measurement. The sample was mounted on a 
stationary sample holder, whereas the incident 
angles of laser beams were varied by adjusting 
mirrors in optical paths. The ranges of incident 
angle are depicted in the bottom part of the figure 
for the Experiment 1 and 2. An external magnetic 
field of Hext  2000 Oe was applied with the angle 
of 65, under which the direction of 
magnetization vector was supposed to incline 30 
from the axis normal11). 
 Regardless of microscopic mechanism of phi-FMR in 
[Co/Pd] multi-layers, the light power absorbed in the 
multi-layers per unit volume is expected to vary with 
θpump due to the changes in the reflectivity and the area 
of excitation. As for the latter, the shape of the area S 
changes from circle to elliptic with increasing the θpump 
value, being S = ab = aa(cos θpump)1 where a = 100 
m, the radius of the pump beam impinging normal to 
the surface.  
Shown in the inset Fig. 3 is measured reflectance 
data as a function of incident angle θlight for the same 
[Co/Pd] multi-layer sample. The light source used for the 
measurement was a cw-semiconductor laser with 
wavelength, power, and beam diameter of   785 nm, P 
 30 mW, and d  150 m, respectively. The angle θlight 
was varied between 3 and 88 for both s- and p- 
polarizations. In the data with p-polarization, the 
reflectance minimum appears at θlight  78, indicating 
the Brewster's angle. The observed steep drop at the 
angle region larger than 84 for both polarizations is due 
to the elongation of the light spot along the plane of the 
incidence, whose length exceeds that of the sample size 
( 4 mm)  and  results in the reduction in the intensity 
of the reflected light. Dashed lines in the inset are the fit 
to measured data on the basis of Fresnel equations. 
Good fits are obtained with the optical index of n = 2.75 
and  = 3.40, which are not abnormal values compared 
to those of the constituent elements: at   790 nm, 
n*(Co) = 3.578 + 4.687 i, n*(Pd) = 1.998 + 5.048 i, n*(Ta) 
= 1.130 + 3.448 i, and n*(Si) = 3.686 + 0.006 i. 20)    
In order to analyze carefully the experimental data, 
we introduce eqs.(2a, b) to estimate both the absorbed 
light power Eabs and the efficiency of excitation η, 
assuming that (i) the incident light is all absorbed in the 
14-nm thick metallic multilayer, and (ii) precession 
amplitude, and thus A0 value, is proportional to the 
amount of ultrafast heating by pumping, at least in the 
regime of weak excitation16,17). 
 
  pumppumpabs RFE  cos1)(          (2a) 
                                                                      
 (2b) 
 
Here, the precession amplitude A0 (θpump) is given by the 
value disclosed in Fig.2, the pump fluence F = 7.96 
μJ/cm2, and the reflectance R by the calculated curves 
obtained by fitting the experimental data shown in the 
inset Fig.3. The values at θpump  0, and A0(0), can be 
safely substituted for values obtained at θpump  15, 
since reflectance is nearly constant in the small θpump 
region. The  values thus obtained from eqs.(2a, b) are 
plotted in Fig. 3 as a function of θpump. For s-polarization, 
the  value gradually increases with increasing θpump 
and becomes nearly twice at around θpump  55 
compared with that at θpump = 15, beyond which it turns 
to a reduction. At θpump = 65, at which the amplitude of 
phi-FMR is barely observable,   1 with Eabs = 0.7 
J/cm2. This Eabs value is close to the lower bound of 
phi-FMR with normal pump-and-probe incidence18). For 
p-polarization, the  value increases with increasing 
θpump up to 88 expect for a small dip at around θpump  
60. At θpump  80,   2.5 using Eabs = 1.1 J / cm2, and, 
at θpump  88,   4.6 using Eabs = 0.09 J / cm2. Here, 
the values of Eabs are those obtained from eq.(2). 
Fig. 2  Temporal profiles of TRMO signals obtained 
with various pump in the Experiment 1 for (a) 
s-polarization and (b) p-polarization. (c) Plots of 
precession amplitude A0 vs. incident angle pump 
obtained from Experiment 1 with s-polarization 
(closed-circle) and p-polarization (opened-circle). 
The values of amplitude are extracted by fitting 
the profiles shown in (a) and (b) with equation (1) 
mentioned in the main text.  
Fig. 3  Excitation efficiency  vs. incident angle pump 
obtained from Experiment 1 with s-polarization 
(closed-circle) and p-polarization (opened-circle). 
for both polarization. Inset shows raw reflectance 
data obtained for the incident light with 
s-polarization (closed-circle) and p-polarization 
(opened-circle). Dashed lines in the inset are 
those obtained by fitting the raw data with 
Fresnel equations.  
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 Although we admit that the calculated value of R, and 
thus  and Eabs, changes steeply in the high θpump region, 
we note here that the  value is enhanced in the grazing 
incidence excitation condition for the p-polarization. 
Referring to the present knowledge as to the phi-FMR in 
magnetic metals17,19-21), this means that the efficiency of 
ultra-fast spin heating (demagnetization)19) is enhanced 
when the area of excitation is elongated. We consider 
here, to account for this hypothetically new effect, a 
microscopic process based on photo-excited hot carriers 
(n*) since they are most likely responsible for the 
ultra-fast demagnetization through spin-flip 
scattering22). For the elongated, excited area, a flow of 
hot carriers, which is proportional to the gradient  
n*/i (i = x, y), is reduced along the long (x) axis. This 
will increase the n* value in the central part of excited 
area and result in the enhancement in the magnitude of 
demagnetization in 1 ps. 
Results obtained by Experiment 1 indicate that 
p-polarized laser pulses can excite phi-FMR more 
efficiently than s-polarized pulses especially at large 
incident angle, which is due in part to a large reduction 
in reflectivity and enhanced  value. Increasing the 
incident angle of pump pulses, however, reduces the 
areal energy density and thus the amount of 
temperature increase in the excited area. The 
competition between those two effects gives rise to the 
maximum in oscillation amplitude at pump = 55. 
Let us now show experimental data for the 
Experiment 2 in Fig. 4. For s-polarization, the 
precession amplitude decreases gradually with 
increasing probe up to probe = 55, and shows abrupt 
reduction at probe = 65, beyond which no oscillation has 
been observed. A spiky temporal MO profile appears at 
the early stage of time delay instead of the oscillatory 
TRMO signals. Similar behavior has also been observed 
in the experiment with p-polarized probe. Since 
magnetization dynamics is not affected by the weak 
probe pulses, the observed behavior should be attributed 
to the angle dependent change in the polar Kerr rotation. 
Shown in Fig. 5 is the magnitude of polar Kerr rotation 
as a function of incident angle of a linearly polarized 
light beam. Rotation angle decreases gradually with 
increases the probe value for s-polarization. On the other 
hand, as for the p-polarization, rotation angle is almost 
unchanged up to around probe = 70, beyond which the 
sign of rotation switches abruptly from negative to 
positive, while the magnitude of rotation keeps 
decreasing with increasing probe. These behaviors, which 
were similar to those reported by early workers23), can be 
understood in terms of polarization switching associated 
with the Brewster's angle. Results obtained by 
Experiment 2 suggest that the detection angle is 
restricted to some extent as far as a device utilizing the 
light in a free space is concerned. Investigation of MO 
detection in [Co/Pd]- waveguide hybrid structure is 
desired. 
 
4. Conclusions 
 
We have studied dependence of photo-induced FMR 
in a [Co (dCo = 0.78 nm) / Pd (dPd = 0.81 nm) ]5 
multi-layer film on incident angles of excitation and 
probing laser beams, with the aim to find experimentally 
the limitation of inducement and detection of 
magnetization dynamics with oblique light incidence. 
The experiment changing the incident angle of a pump 
beam has revealed that phi-FMR can be induced up to 
Fig. 4  Temporal profiles of TRMO signals obtained 
with various probe in the Experiment 2 for (a) 
p-polarization and (b) s-polarization. The profile 
obtained with probe  74 with p-polarization 
shown in the panel (a) is magnified by a factor of 
three. 
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Fig. 5  The magnitude of static polar Kerr rotation as 
a function of incident angle of a linearly polarized 
light beam for s-polarization (closed-circle) and 
p-polarization (opened-circle).  
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 the incident angle of 88 for p-polarized excitation, 
suggesting the enhanced excitation efficiency at grazing 
incident condition. In contrast, it diminishes at the 
incidence angle of around 65 with s-polarized excitation. 
These behaviors are discussed in terms of the difference 
in reflectivity in oblique incidence condition added with 
enhanced excitation efficiency found for the p-polarized 
pump beam. As for the experiments changing the 
incident angle of a probe beam, phi-FMR vanishes at the 
incidence angle of 65 for both s- and p-polarizations, 
whereas it reappears for the p-polarization with further 
increasing the angle. At 75, it finally disappears. The 
observation in the latter experiment has been explained 
in terms of the phenomenological electromagnetic wave 
propagation picture.  
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